Olefin complexes (silox)3M(ole) (silox )
Introduction
While the field of organometallic chemistry boasts a number of unique processes, the olefin metathesis reactionsand its heterogeneous analoguesis perhaps the most widespread in terms of application. 1 Commodity chemicals, polymers, and fine chemicals are all prepared via judicious use of alkene metathesis. [1] [2] [3] [4] [5] [6] [7] [8] Surfactant and plasticizer production via the shell higher olefins process employs olefin cross metathesis to generate aldehyde and alcohol precursors from internal olefins that are too short or long. 2-5,9,10 The disproportionation of propene in the Philips triolefin process affords butene and ethylene, which is the more useful alkene. [2] [3] [4] [5] Extension of the olefin metathesis reaction to polymer synthesis has established ring-opening metathesis polymerization and acyclic diene metathesis 2,6 as attractive, relatively new approaches to highly functionalized olefin-containing polymers. Finally, ring-closing metathesis, 11-14 including enantioselective variants, 12 and various cross-metathesis methodologies 15 are forefront in catalytic applications to the preparation of fine chemicals.
Once the Chauvin mechanism 16 for olefin metathesis was established, 17-21 the key discovery in the development of the process was the synthesis of stable metal alkylidene complexes, i.e., L n MdCRR′ (R, R′ ) H, aryl, t Bu, etc.), that served as catalysts or catalyst precursors. Schrock's seminal synthetic work, and the advent of R-abstraction as a synthetic tool, [21] [22] [23] enabled early transition metal chemistry to showcase olefin † Cornell University. ‡ University of North Texas. metathesis in detailed mechanistic studies and catalytic applications. More recently, the dramatic increase in functionality tolerance exhibited by Grubbs' catalysts 2,11,15,19,24 and variants 7 and Schrock's creative exploitation of molybdenum 12, 21 have exponentially increased the use of olefin metathesis in fine chemicals synthesis. 7, [11] [12] [13] [14] [15] Early in the history of alkylidene development, it was recognized that rearrangement of L n MdCR(CH 2 R′′) to an olefin complex L n M(RHCdCHR′′) could be a potentially damaging process in relation to metathesis catalysis. In fact, the seeming inability to synthesize alkylidenes with -CH bonds was often blamed on their intrinsic instability with respect to a bound olefin, i.e., K alk/ole < 1 in eq 1. 25 While most studies regarding olefin metathesis appear to support this premise, a limited number of specific mechanistic studies have been attempted. An investigation of cationic rhenium complexes by Gladysz and Hatton led to an interpretation of the system (K alk/ole < 1) as an organometallic Wagner-Meerwein rearrangement in reference to its carbocation-like hydrogen migration. 26 A study by Bercaw et al. of cyclometalated tantalum olefin and alkene complexes showed only a modest thermodynamic preference for the latter. 27 A significant number of observations suggest that a blanket statement pertaining to the instability of alkylidenes with -hydrogens is dogmatic. Schrock et al. have catalyzed the rearrangement of ethylene to ethylidene via addition of PhPH 2 , 28 and there are several other systems in which a greater thermodynamic stability of the alkylidene is implicated by certain reactivity sequences, [29] [30] [31] [32] [33] [34] [35] including clear examples of olefin to alkylidene and alkylidyne rearrangements by Caulton et al. 34 While the portrayal of -hydrogen-substituted alkylidenes as intrinsically unstable is compelling in view of the limited number of stable examples, L n MdCR(CH 2 R′′) species must be intermediates in a variety of catalytic applications, and their potential to rearrange does not appear to be a major stumbling block to utilization. Several questions remain. First, are L n Md CR(CH 2 R′′) species thermodynamically unstable with respect to their olefin congeners or are K alk/ole dependent on metal or substrate? Second, are these rearrangements kinetically swift, or are there substantial impediments to the rearrangement process?
In examining the chemistry of (silox) 3 NbL (1-NbL, L ) pyr, 4-pic, 33 PMe 3 ) 36-38 and (silox) 3 Ta (2) 39-44 over the years, a number of olefin complexes have been prepared, but until recently, none had been subjected to high temperature thermolysis. Preliminary indications with (silox) 3 Nb(ole) (1-ole, ole ) 1-butene, cyclohexene) and [(silox) 3 Nb] 2 (η-1,2;η-5,6-c C 8 H 6 ) indicated that K alk/ole > 1 at elevated temperatures. 36 Moreover, little olefin metathesis activity was noted, despite ligands that would be typically expected to support such reactivity. Given these tantalizing examples, and the prospect that the sterics intrinsic to the (silox) 3 M (M ) Nb, 1; Ta, 2) core would permit interrogation of the olefin to alkylidene rearrangement without interference from olefin metathesis, a systematic study of eq 1 was conducted, and it is reported herein.
Results
Synthesis of (silox) 3 Nb(olefin) Complexes. Two methods were used to prepare niobium olefin complexes. The most practical preparation of (silox) 3 Nb(ole) (1-ole, ole ) olefin) involved Na/Hg reduction of (silox) 3 NbCl 2 (3) in the presence of an excess of olefin, typically with THF as the solvent (eq 2). 36, 37 Yields are modest (∼40%), but the synthesis is direct as long as an excess of olefin can be used. An alternative methodology 
involved treatment of (silox) 3 Nb(η-N,C-4-pic) (1-4-pic, 4-pic ) 4-picoline) with a slight excess of olefin (g10 equiv in the cases of cyclohexene and norbornene). 36 A directly related method was used previously in the synthesis of (silox) 3 Nb(η-H 2 CCHPh) (1-C 2 H 3 Ph) from (silox) 3 Nb(η-N,C-NC 5 H 5 ). 34, 37 In cases where the olefin is bulky or otherwise coordinates poorly, the 4-picoline can be a competitive binder. For example, no indication of 4-picoline displacement was evidenced when 1-4-pic was exposed to >1 equiv of trans-2-butene, but the addition of 5.0 equiv of cis-2-butene afforded (silox) 3 Nb(η-cis-C 2 H 2 -Me 2 ) (1-c-2-butene), although some 1-4-pic remained (∼7%, K(eq 3) ≈ 3.0). Alternatively, (silox) 3 NbPMe 3 (1-PMe 3 ) 38 could be used as a source of "(silox) 3 Nb" (1), but the expense of this reagent limited its application to a few olefin adducts, as eq 4 indicates.
Olefin isomerization proved not to be a problem in regard to monitoring the olefin to alkylidene transformation. Thermolysis of (silox) 3 Nb(η-cis-C 2 H 2 Me 2 ) (1-c-C 2 H 2 Me 2 ) in benzene-d 6 afforded (silox) 3 Nb(η-C 2 H 3 Et) (1-C 2 H 3 Et) after 3 d at 75°C (eq 5), and the corresponding butene to butenylidene rearrangement required more severe conditions (vide infra). Furthermore, no evidence of disubstituted alkylidenes was observed, save those derived from cyclic olefins. The niobium olefin adducts were typically green, although the styrene derivatives tended toward brown. 1 H and 13 C{ 1 H} NMR spectral data on the olefin complexes are given in Supporting Information.
Synthesis of (silox) 3 Ta(olefin) Complexes. Because of the availability of (silox) 3 Ta (2), 40 the orange to red tantalum alkene adducts were simply prepared (some previously) 42 via the addition of excess olefin (e.g., ∼1.1 equiv for styrene to ∼30 equiv for cyclohexene) in various hydrocarbon solvents according to eq 6.
A large excess of hindered olefins was used to minimize competition from cyclometalation, which had been previously noted for slow cis-2-butene addition. 42 The reactions were rapid (<1 h) for all but norbornene, cyclopentene, and cyclohexene, which were allowed to react for 12-24 h. 45 Note that (silox) 3 Ta-(η-C 2 H 3 t Bu) (2-C 2 H 3 t Bu), the neohexene derivative, could not be cleanly synthesized, even when ∼30 equiv of H 2 CdCH t Bu were present. Use of ∼500 equiv H 2 CdCH t Bu afforded a substantial amount (>50%) of 2-C 2 H 3 t Bu after 24 h at 23°C, but some alkylidene (silox) 3 TadCHCH 2 t Bu (2dCHCH 2 t Bu) had already formed, and additional species were present; hence the rearrangement of this olefin was not pursued further. Spectral data on the tantalum derivatives are also given in Supporting Information.
Structure of (silox) 3 Ta(η-C 2 H 3 Et) (2-C 2 H 3 Et). As a typical asymmetric olefin complex, (silox) 3 Ta(η-C 2 H 3 Et) (2-C 2 H 3 Et) was selected for structural examination, and data collection and refinement information may be found in Supporting Information. Figure 1 reveals the molecular structure of 2-C 2 H 3 Et and gives pertinent bond distances and angles. The C1-C2 double bond has been lengthened to 1.395(7) Å, and the unit is oriented primarily along the Ta-O1 vector, but slightly skewed such that the Et group can best fit in the gap between the Si2 and Si3 silox ligands. Given the noted reducing power of the (silox) 3 Ta (2) core, it is actually surprising that the C1-C2 lengthening is not greater; 46,47 perhaps the steric bulk of the silox groups is mitigating the potential back-donation of the Ta(III) d Figure 1 . Molecular view of (silox)3Ta(η-C2H3Et) (2-C2H3Et). Selected bond distances (Å) and angles (deg) not in text: C1-C2, 1.395(7); C2-C3, 1.494(7); C3-C4, 1.536(7); Si1-O, 1.664(2); Si2-O2, 1.678(3); Si3-O3, 1.685(2); O1-Ta-C1, 91.4(2); O2-Ta-C1, 116.0(2); O3-Ta-C1, 111.8(2); O1-Ta-C2, 128.7(2); O2-Ta-C2, 95.6(2); O3-Ta-C2, 100.0-(2); C1-Ta-C2, 37.9(2); C1-C2-Ta, 68.7(2); C2-C1-Ta, 73.3(3); C1-C2-C3, 115.2(6); C2-C3-C4, 113.9(4); Ta-O1-Si1, 165.63(14); Ta-O2-Si2, 167.89(15); Ta-O3-Si3, 172.81(16).
(silox)3M(ole) to (silox)3M(alk) Rearrangements A R T I C L E S hampering binding. The d(Ta-O1) of 1.943(2) Å is longer than the remaining siloxide lengths (d(Ta-O2) ) 1.907(2) Å, d(Ta-O3) ) 1.892(2) Å) in response to the subtle influence of the 1-butene binding, and the O2-Ta-O3 angle has opened up (119.25(11)°) relative to O1-Ta-O2 (104.68(10)°) and O1-Ta-O3 (109.50(10)°) to accommodate the ethyl group. As expected, binding of the 1-butene is asymmetric with the -carbon-tantalum distance ∼0.06 Å longer than the R-carbon (2.174(4) vs 2.115(4) Å). The nearest silox-hydrogen to the -carbon is 3.30 Å away, and its carbon is 4.05 Å distant. Niobium Olefin to Alkylidene. 1. Observations. Thermolyses of the niobium olefin complexes (silox) 3 Nb(ole) (ole ) C 2 H 4 , 1-C 2 H 4 ; C 2 H 3 Me, 1-C 2 H 3 Me; C 2 H 3 Et, 1-C 2 H 3 Et; 36 c C 5 H 8 , 1-c C 5 H 8 ; c C 6 H 10 , 1-c C 6 H 10 ; 36 c C 7 H 10 , 1-c C 7 H 10 ; H 2 CCHC 6 H 4 -p-X (X ) H, 1-C 2 H 3 Ph; OMe, 1-C 2 H 3 Ph-p-OMe)) were undertaken at various temperatures. In these cases, smooth and reversible formation of the respective alkylidene complexes (silox) 3 Nb(alk) (alk ) CHMe, 1dCHMe; CHEt, 1dCHEt; CH n Pr, 1dCH n Pr; c C 5 H 8 , 1d c C 5 H 8 ; c C 6 H 10 , 1d c C 6 H 10 ; c C 7 H 10 , 1d c C 7 H 10 ; CHCH 2 C 6 H 4 -p-X (X ) H, 1dCHCH 2 Ph; OMe, 1d CHCH 2 Ph-p-OMe)) was observed in benzene-d 6 according to Scheme 1. The compounds were assayed by 1 H and 13 C{ 1 H} NMR spectroscopy, but difficulties were encountered in observing the alkylidene carbons because of quadrupolar broadening by niobium. Heteronuclear quantum coherence methods permitted assessment of the chemical shifts of 1dCHEt (δ 228) and 1dCH n Pr (δ 249.0), while synthesis of (silox) 3 2. Kinetics and Thermodynamics. The data affiliated with each case are given in Table 1 , along with pertinent activation parameters obtained from Eyring plots that typically were limited to a temperature range of ∼40°C because of the elevated temperatures required for reasonable rates. Aside from ethylene and styrene, no K alk/ole values were obtained because only the alkylidene was observed after a period of time. Since the thermolyses were conducted at relatively high temperatures, a common temperature was sought as a reference state at which the niobium and tantalum activation free energies could be compared. Although 103°C was a rather low temperature for the observation of most niobium reactions, it was convenient for the equivalent, more elaborate tantalum processes, and therefore served as an appropriate reference condition.
For the cases listed in Table 1 , no intermediates were detected, and the rate of olefin complex rearrangement is styrene ≈ ethylene < para-methoxystyrene < propene < 1-butene < cyclopentene < norbornene < cyclohexene. As the size of the olefin increases, and as more electron-donating substituents are present, the rate of rearrangement becomes faster. For the styrenes, the electron-withdrawing nature of the phenyl groups must compensate for the larger size of this olefin, rendering these cases quite slow. Note that having an electron donating substituent (OMe) in the para-position speeds up the rate of rearrangement relative to styrene, as expected.
In the niobium ethylene case, a van't Hoff plot corroborated the activation energies and revealed a large positive ∆S°) 12.5 (10) eu that helped compensate for a ∆H°) 6.3 (4) kcal/mol. With only one carbon bound to Nb, (silox) 3 NbdCHMe (1d CHMe) is less constrained in both the alkylidene (e.g., methyl rotor, etc.) and siloxide periphery, rendering it entropically more favorable than the parent ethylene species, (silox) 3 Nb(η 2 -C 2 H 4 ) (1-C 2 H 4 ). It is suspected that the alkylidene is more favored entropically in all cases, although perhaps less so for the cyclic derivatives.
3. Attempts at r-Substituent Effects. In an attempt at further electronic substituent studies, the 170°C thermolysis of (48) Given the precedent set by the oxidative addition of 2,3-dihydrofuran to (silox) 3 Ta (2), 56 these results were anticipated, but it was nonetheless disappointing that formation of Fischer carbenes seemed untenable. Structure of (silox) 3 Nbd c C 6 H 10 (1d c C 6 H 10 ). The niobium cyclohexylidene complex, (silox) 3 Nbd c C 6 H 10 (1d c C 6 H 10 ), was chosen for further structural characterization (see Supporting Information for crystallographic details). One of four crystallographically distinct molecules of 1d c C 6 H 10 is shown in Figure  2 , and some average bond distances and angles are also listed. 
a Rate constants were obtained from first-order loss of 1-ole, approach to equilibrium kinetics, or from simulation of the latter as necessary and are the average of three simultaneous kinetics runs. b Rate constants and parameters corresponding to kr. c Temperatures are estimated to be (0.5°C. d From van't Hoff plot of direct measurements of Kalk/ol at the temperatures indicated: ∆H°) 6.30(44) kcal/mol and ∆S°) 12.5(10) eu. e Taken from ∆Gf q -∆Gr q . f Conducted in tandem (triplicate tubes for each) to afford kH/kD ) zf ) 2.5 at 166°C. g Rough rate constant obtained from initial rates on the disappearance of 1-C2H3 t Bu. h Rate constant for kr as determined from KIE experiments at 166°C as described in text. The ∆Gr q at 103°C was obtained by assuming ∆S°≈ 12 eu. i Conducted in tandem (triplicate tubes for each) to afford kH/kD ) zf ) 2.3 at 166°C. j Estimated using ∆S q ) -12 eu, a reasonable average of similar activation entropies. k Kalk/ol measured directly at 155°C and corrected to 103°C using ∆S°≈ 13 from the ethylene case. l Estimated using ∆S q ≈ -24 eu obtained from an estimate of -12 eu for the forward step and ∆S°≈ 12 eu from the ethylene case. 
(silox)3M(ole) to (silox)3M(alk) Rearrangementsthe cyclohexane ring is disposed toward the unique, wide O-Nb-O angle, which presumably reflects its steric influence.
The closest silox-hydrogen to the alkylidene carbon is a mere 3.06 Å away, and its carbon is 4.00 Å distant. Tantalum Olefin to Alkylidene. 1. Observations. Thermolyses of the tantalum olefin complexes (silox) 3 Ta(ole) (ole ) C 2 H 4 , 2-C 2 H 4 ; C 2 H 3 Me, 2-C 2 H 3 Me; C 2 H 3 Et, 2-C 2 H 3 Et; c C 5 H 8 , 2-c C 5 H 8 ; c C 6 H 10 , 2-c C 6 H 10 ; H 2 CCHC 6 H 4 -p-X (X ) H, 2-C 2 H 3 Ph; OMe, 2-C 2 H 3 Ph-p-OMe; CF 3 , 2-C 2 H 3 Ph-p-CF 3 )) were undertaken at temperatures somewhat lower than those of the niobium study. As Scheme 2 reveals, typically two species were observed: the "tuck-in" alkyls (silox) 2 (R)Ta-(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-R: R ) Et, 6-Et; n Pr, 6-n Pr; n Bu, 6-n Bu; c Pe, 6-c Pe; c Hex, 6-c Hex; CH 2 CH 2 C 6 H 4 -p-X (X ) H, 6-CH 2 CH 2 Ph; OMe, 6-CH 2 CH 2 Ph-p-OMe; F, 6-CH 2 CH 2 -Ph-p-F)), and the alkylidenes (silox) 3 Ta(alk) (alk ) CHMe, 2dCHMe; CHEt, 2dCHEt; CH n Pr, 2dCH n Pr; c C 5 H 8 , 2d c C 5 H 8 ; c C 6 H 10 , 2d c C 6 H 10 ; CHCH 2 C 6 H 4 -p-X (X ) H, 2dCHCH 2 Ph; OMe, 2dCHCH 2 Ph-p-OMe; F, 2dCHCH 2 Ph-p-F)). Only the norbornene derivative, (silox) 3 Ta(η-c C 7 H 10 ) (2-c C 7 H 10 ), smoothly converted to the norbornylidene (silox) 3 Tad c C 7 H 10 (2d c C 7 H 10 ) without observation of the "tuck-in" alkyl (silox) 2 (2-norbornyl)-Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-c C 7 H 11 ). For the tantalum alkylidenes, 13 C resonances of the alkylidenes were easily obtained, and their average chemical shift was 228.5(33) ppm, with exceptions being 2dCHMe (δ 204.71, J CH ) 111 Hz) and 2dCH n Pr (δ 254.84, J CH ) 108 Hz); again, only modest agostic interactions were evident. 23, 48, 49 2. Simulations and Assessment. Table 2 lists the cases studied and reveals the first-order rate constants assigned to the steps in Scheme 2. In many casessethylene, cyclopentene, and the styrenessall three species could be observed throughout the course of reaction, but in somespropene, 1-butene, and cyclohexenesthe intermediate "tuck-in" alkyls (6-R) and alkylidenes (2dalk) proved to be sufficiently stable relative to the starting olefin complexes that no 2-ole was observable at equilibrium. Simulation of the concentration vs time profiles obtained via 1 H NMR spectra was required to determine all possible rate constants in each case.
Rate constants coupled to species of low concentration were intrinsically less precise and probably less accurate, simply because of the quality of integration. Entropy of activation values, critical for estimating ∆G q 's at 103°C in many cases, was estimated using the most accurate rate and thermodynamic (e.g., ∆S°) data available. The following ∆S q values were deemed reasonable estimates for several cases: ∆S 1 q ≈ -10 eu, ∆S -1 q ≈ ∆S 2 q ≈ -7 eu, and ∆S -2 q ≈ -27 eu. With the aid of ∆S°values determined from equilibrium measurements, the styrene ∆G 103°C q values were estimated somewhat differently, with ∆S 1 q ≈ -8 eu, ∆S -1 q ≈ -14 eu, ∆S 2 q ≈ -8 eu, and ∆S -2 q ≈ -27 eu. Details are provided as Supporting Information. As a partial check of the ∆S q estimates, the temperature dependence of the rate of butene complex conversion to its "tuck-in" butyl, (silox) 3 Ta(η-C 2 H 3 Et) (2-C 2 H 3 Et) f (silox) 2 -( n PrCH 2 )Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-n Bu), was measured from 78 to 120°C. The Eyring plot yielded activation parameters of ∆H 1 q ) 24.8(1) kcal/mol and ∆S q ) -11(1) eu, in support of the above estimates. Note that the entropy of activation is similar to that found for the cyclometalation of (silox) 3 Ta (2) to (silox) 2 HTa(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (8, eq 8).
The temperature dependence of this process yielded a ∆H q of 19.9(27) kcal/mol and ∆S q of -15(4) eu over a 52-104°C range. 42 3. Kinetics and Thermodynamics. Since the rate constants for all steps in Scheme 2 can be measured or estimated, a thermodynamic assessment of the rearrangement can be made. The alkylidene complexes are favored over the olefins in all 
cases except ethylene and the styrenes, just as in the niobium system. However, the tuck-in alkyl complexes are the most stable of the three species, except for the norbornene, cyclopentene, and cyclohexene cases. In the latter two, the alkylidenes are slightly favored over the tuck-in alkyls.
While the rate of the niobium rearrangements correlates inversely with the expected stabilities of the olefin complexes, the tantalum results are less easy to interpret. Since the tuck-in alkyl intermediates are observed, consideration of a ratedetermining step in going from olefin complex to alkylidene is no longer appropriate. In many cases, the first transition state has the highest free energy, yet k 2 < k 1 because of the stability of the tuck-in alkyl. In general, the tantalum rates are substantially faster than those of niobium, and the same rough trends exist, at least in the context of the olefin to alkylidene transformation. The styrenes and ethylene are the slowest, the propene and 1-butene are next, and the speedy rearrangements are the cyclics and norbornene.
Structure and Dynamics of (silox) 3 n BuTa(K 2 -O,C-OSi t Bu 2 -CMe 2 CH 2 ) (6-n Bu). X-ray diffraction quality crystals of the tantalum tuck-in butyl derivative, (silox) 3 n BuTa(κ 2 -O,C-OSi tBu 2 CMe 2 CH 2 ) (6-n Bu), were obtained, and its molecular structure is given in Figure 3 along with pertinent bond distances and angles; further structural information is given in Supporting a Rate constants were obtained from simulation of the concentration vs T profile of the three species and are the average of three simultaneous kinetics runs unless otherwise noted; ∆G q 's were obtained directly from k's at 103°C or from Eyring plots or estimates as noted. b Temperatures are estimated to be (0.5°C. c Activation free energies determined from Eyring plots (∆H q in kcal/mol, ∆S q in eu): ∆H1 q ) 18.9(27), ∆S1 q ) -25.3(73); ∆H-1 q ) 20.7(1), ∆S-1 q ) -22.9(60); ∆H2 q ) 22.6(19), ∆S2 q ) -25(5); ∆H-2 q ) 13(2), ∆S-2 q ) -43(57). d The error in ∆S-2 q was so great that this value was determined from measurement of K(2) and thus ∆G°(2) (∆G-2 q ) ∆G°(2) -∆G2 q ). From van't Hoff plot of K(1) ) k1/k-1: ∆H°(1) ) -1.7(1) kcal/mol, ∆S°(1) ) -2.4(1) eu. From van't Hoff plot of K(2) ) k2/k-2: ∆H°(2) ) 9.5(6) kcal/mol, ∆S°(2) ) 19.0(14) eu. e Taken from the average of two simultaneous kinetics runs. f Estimated from the 130.5 -170.5°C data using ∆S1 q ≈ -10 eu, ∆S-1 q ≈ ∆S2 q ≈ -7 eu, and ∆S-2 q ) -27 eu; the ∆G103°C q 's for each step were calculated from each temperature and averaged. g Estimated from the 155°C data (∆G2 q ) 32.9(1) and ∆G-2 q ) 31.8(1) kcal/mol) using ∆S2 q ≈ -7 eu and ∆S-2 q ≈ -27 eu. h From an Eyring plot, the activation parameters for k1 are ∆H1 q ) 24.8 (1) and ∆S1 q ) -11(1). i Estimated from the 155°C data (∆G2 q ) 33.0(1) and ∆G-2 q ) 32.0(1) kcal/mol) using ∆S2 q ≈ -7 eu and ∆S-2 q ≈ -27 eu. j From a tandem measurement, 1.52 ) z1′ 2 ) (1.23) 2 as in Scheme 4. k From fits of the approach to equilibria via tandem measurements, z2z2′ ) 6.2 as in Scheme 4. l From fits of the approach to equilibria via tandem measurements, z2 ) 4.4 as in Scheme 4. By difference with the previous case, z2′ ) 1.4. m Calculated from ∆G166°C q ) 33.0(1) assuming ∆S2 q ) -7 eu. n Calculated from ∆G166°C q ) 34.6(1) assuming ∆S2 q ) -7 eu. o Calculated from ∆G166°C q ) 34.9(1) assuming ∆S2 q ) -7 eu. p Corresponds to kf of Scheme 2. q Corresponds to kr of Scheme 2. r Activation free energies determined from Eyring plots (∆H q in kcal/mol, ∆S q in eu):
and K(2)180°C ) 0.51: ∆H°(1) ) 1.33(10) kcal/mol, ∆S°(1) ) 6.46(22) eu, ∆H°(2) ) 9.05(24) kcal/mol, ∆S°(2) ) 18.56(38) eu. t At 155°C (kcal/mol): ∆G1 q ) 33.2(1), ∆G-1 q ) 34.7, ∆G2 q ) 33.7, ∆G-2 q ) 32.6. u Estimated from the 140-180°C data using ∆S1 q ≈ -8 eu, ∆S-1 q ≈ -14 eu, ∆S2 q ) -8 eu, and ∆S-2 q ) -27 eu. V The ∆G103°C q 's for each step were calculated at each temperature and averaged. w At 155°C (kcal/mol): ∆G1 q ) 32.7(1), ∆G-1 q ) 34.6(1), ∆G2 q ) 33.5(1), ∆G-2 q ) 32.4(1). x At 155°C (kcal/mol): ∆G1 q ) 34.4(1), ∆G-1 q ) 34.9(1), ∆G2 q ) 34.1(1), ∆G-2 q ) 33.2(1). y Rate constants for cyclometalation were determined by 1 H NMR spectroscopy. z Rate constants were determined from UV-vis spectroscopy according to ref 42 . From an Eyring plot of all rate constants, the cyclometalation of 2 to 8 affords ∆H q ) 19.9(27) kcal/mol and ∆S q ) -15(4) eu; at 103°C, ∆G q ) 25.5(30).
Information. 6-n Bu is best described as a distorted trigonal bipyramid, with the less electronegative alkyl substituents, cyclometalated C2 and n Bu C13, and silox O3 occupying the equatorial plane (/O3-Ta-C2 ) 121.06(13)°, /O3-Ta-C13 ) 111.41(13)°, and /C2-Ta-C13 ) 127.10(15)°). 52 The remaining silox groups are pseudoaxial, with /O1-Ta-O2 ) 154.06(10°), and d(Ta-O1) ) 1.937(2) Å and d(Ta-O2) ) 1.920(2) Å, which are longer than the equatorial d(Ta-O3) of 1.878(2) Å, as expected. The bite angle of the cyclometalated unit (/O1-Ta-C2 ) 78.84(12)°) is less than 90°, and the remaining angles of the five-membered ring manifest significant strain (/Ta-O1-Si1 ) 128.34(14)°, /O1-Si1-C1 ) 97.97-(14)°, /Si1-C1-C2 ) 101.9(2)°, /Ta-C2-C1 ) 118.8(2)°) in comparison to normal silox geometric parameters. Despite this strain, the d(Ta-C2) of 2.211(3) Å is only slightly longer than the comparative butyl distance, d(Ta-C13) ) 2.178(4) Å. The remaining axial/equatorial angles support the distorted tbp geometry and are consistent with intersilox steric repulsions being the most influential about the core.
The spectral signatures of the tuck-in alkyl complexes, (silox) 3 
t Bu, 4-CH 2 CH 2 t Bu; Ta, 6-R), indicate mirror symmetry, while the solid-state structure of (silox) 3 n BuTa(κ 2 -O,C-OSi t Bu 2 -CMe 2 CH 2 ) (6-n Bu) is asymmetric. Variable temperature 1 H NMR spectroscopy on (silox) 3 n PrTa(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-n Pr), chosen for ease of analysis, revealed three coalescence phenomena associated with the R-CH 2 (k ) 1500 s -1 at T c ) 218 K, ∆G q ) 10.4(5) kcal/mol) and -CH 2 (k ) 730 s -1 at T c ) 221 K, ∆G q ) 9.9(5) kcal/mol) methylenes of the n Pr group, and the methylene (k ) 300 s -1 at T c ) 223 K, ∆G q ) 9.5(5) kcal/mol) of the cyclometalation arm. The activation free energies affiliated with these resonances are consistent with the relatively low barriers common to axial and equatorial exchange mechanisms in five-coordination. 59 Olefin to Alkylidene Mechanism. 1. Mechanistic Paths. The previous discussion regarding the rates and thermodynamics of the olefin to tuck-in alkyl to alkylidene rearrangement was predicated on the tuck-in alkyl as a viable intermediate. This need not be the case. As Scheme 3 shows, in some scenarios the tuck-in alkyl would be a side process of no consequence to the reaction of interest. For example, the olefin complex could rearrange via a one-step 1,2-H migration. Likewise, a vinylic CH bond activation, followed by a 1,3-H migration leads to the same product if the R-positions of the olefin were labeled. Since these processes are not readily distinguished, either constitutes an H-transfer path.
A second possibility arises from loss of olefin and cyclometalation of (silox) 3 M (M ) Nb, 1; Ta, 2) to the original tuckin species, the hydride (silox) 2 HM(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (M ) Nb, 7; 38 Ta, 8). 42 Reinsertion of the olefin to afford the Figure 3 . Molecular view of (silox)3 n BuTa(κ 2 -O,C-OSi t Bu2CMe2CH2) (6-n Bu). Selected bond distances (Å) and angles (deg) not in text: C1-C2, 1.556(5); C13-C14, 1.520(5); C14-C15, 1.511(6); C15-C16, 1.521(7); Si1-O1, 1.676(3); Si2-O2, 1.674(2); Si3-O3, 1.682(2); O1-Ta-C13, 86 .07(12); O2-Ta-C13, 88.48(12); Ta-C13-C14, 115.5(3); C13-C14-C15, 114.8(4); C14-C15-C16, 112.9(4); Ta-O2-Si2, 171.27(15); Ta-O3-Si3, 174.98(16).
Scheme 3
tuck-in alkyl, followed by an abstraction by the cyclometalation arm on the R-carbon of the primary alkyl, leads to the alkylidene. This path is termed the olefin loss mechanism.
The third possibility is the one implied previously. A δ-abstraction of a hydrogen from a silox CH bond by the -carbon of the olefin can lead directly to the "tuck-in" alkyl. A subsequent R-abstraction by the cyclometalation arm on the primary alkyl provides the alkylidene. Consideration of this double abstraction path leads to another possibility. If a monosubstituted olefin were able to abstract hydrogen from a silox CH bond utilizing the unsubstituted R-carbon, a disubstituted alkylidene could result, but none has been directly obserVed for monosubstituted olefin substrates. More importantly, if δ-abstraction led to an intermediate tuck-in secondary alkyl, reversibility of this reactionsa -abstraction by the cyclometalation arm on the alkylswould eventually lead to loss of label from the R-positions of a monosubstituted olefin to the silox groups, which is referred to as scrambling in the scheme. 2. Elucidation. Previous experience with the cyclometalation of (silox) 3 M (M ) Nb, 1; Ta, 2) to (silox) 2 HM(κ 2 -O,COSi t Bu 2 CMe 2 CH 2 ) (M ) Nb, 7; 38 Ta, 8) 42 pointed toward the olefin loss path as a distinct possibility; hence various labeling experiments were devised to assess it. First, the perdeuterated ethylene complex, (silox) 3 Nb(η-C 2 D 4 ) (1-C 2 D 4 ), was thermolyzed at 155°C to probe for deuterium incorporation into the silox ligands (eq 9).
After 12 h, deuterium was indeed distributed in all three sites, and after 24 h, 96% of the deuterium was present in the silox ligands according to 2 H NMR spectroscopy.
Next, the 13 C-labeled ethylene complex, (silox) 3 Nb(η-13 C 2 H 4 ) (1-13 C 2 H 4 ), was thermolyzed at 155°C in the presence of ∼5 equiv of nonlabeled ethylene (eq 10).
Once the equilibrium K alk/ole of ∼0.35 was reached, only 30% of the ethylene and alkylidene complexes retained the label, indicating that olefin exchange occurred on a similar time scale as the rearrangement. 45 When the propene derivative (silox) 3 Nb-(η-C 2 H 3 Me) (1-C 2 H 3 Me) was heated in the presence of ∼10 equiv of ethylene (eq 11), about 50% of 1-C 2 H 4 formed within 27 min and within 64 min, 90% conversion to the ethylene complex was noted along with 8% (silox) 3 NbdCHEt (1dCHEt) and 2% (silox) 3 NbdCHMe (1dCHMe). The 1-C 2 H 3 Me + C 2 H 4 experiment is consistent with the olefin loss pathway, provided either the insertion or the R-abstraction steps are rate-determining, since ethylene would be expected to trap (silox) 3 Nb (1), precursor to the tuck-in (silox) 2 HNb(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (7), faster than propene would rebind. In contrast, if the same criteria were applied to the 13 C 2 H 4 experiment, loss of labeled ethylene from the starting complex should be greater than observed; thus the olefin loss path was considered unlikely. No order in cyclohexene was observed when the rearrangement of (silox) 3 Nb(η-c C 6 H 10 ) (2-c C 6 H 10 ) was conducted in the presence of excess (19 equiv) olefin.
Thermolysis (103°C, ∼4 h) of cyclopentene adduct (silox) 3 Ta-(η-c C 5 H 8 ) (2-c C 5 H 8 ) with ∼15 equiv of ethylene present afforded only the two rearrangement products: tuck-in cyclopentyl (silox) 2 ( c Pe)Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-Pe, 36%) and cyclopentylidene (silox) 3 Tad c C 5 H 8 (2d c C 5 H 8 , 48%, eq 12).
It was expected that the olefin loss path would permit ethylene incorporation via trapping of (silox) 3 Ta (2) or (silox) 2 HTa(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (8), but on the off-chance that the cyclopentene-derived species were thermodynamically more stable than those produced from ethylene, the complementary experiment was conducted. When the ethylene complex was heated at 103°C with 56 equiv of c C 5 H 8 present, the tuck-in ethyl, (silox) 2 EtTa(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-Et), and alkylidene 2dCHMe formed with no evidence of cyclopentenederived products (eq 13).
The lack of olefin exchange in the tantalum system rules out the possibility of olefin loss as a viable mechanistic path. By inference, and with careful observation of the qualitative rearrangement and exchange rates in eqs 10 and 11, the olefin loss mechanism is also eliminated for niobium.
The tuck-in hydride, (silox) 2 HTa(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (8) was heated at 103°C with 10 equiv of ethylene, and after 23 min 57% of the tuck-in ethyl 6-Et was generated along with 2-C 2 H 4 (26%) and 2dCHMe (3%). Since it is unlikely that 8 reverts to (silox) 3 Ta (2) under these conditions, 38 it is assumed that the 2-C 2 H 4 :2dCHMe product ratio is generated from 6-Et. The 1.6(3) kcal/mol difference given by the 8.7:1 ratio at 103°C is between the predicted ∆∆G q ≈ 2.7 kcal/mol that corresponds to a kinetic product ratio of ∼37:1 and the ∆G°of 1.1 kcal/mol, which represents the thermodynamic 4.4:1 ratio. 
R T I C L E S
The direct H-transfer paths proposed in Scheme 3 can be differentiated from the double abstraction path by labeling the R-positions of the olefin adduct with deuterium. The H-transfer mechanisms lead to a R, -dideuterio alkylidene product, whereas double abstraction affords an R-deuterated alkylidene that has a deuterium incorporated into a silox group. Note that this experiment can go awry if reversible δ-abstraction by the olefin R-carbon enables scrambling into the silox groups prior to rearrangement (Scheme 3, scrambling). Since the 1-butene conversion conveniently stops at the tuck-in butyl (6-n Bu) at 103°C, R,R-dideuterio-1-butene 60 was chosen as a convenient assay, as Scheme 4 illustrates. Rearrangement of (silox) 3 Ta(η-D 2 CCHEt) (2-D 2 CCHEt) at 103°C afforded the tuck-in R,Rdideuterio-butyl, (silox) 2 ( n PrCD 2 )Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-CD 2 n Pr), with no detectable deuterium loss from the R-positions according to 1 H NMR spectroscopy. A significant normal secondary isotope effect of z 1 ′ ) 1.23 (z 1 ′ ) k H /k D , 61,62 observed z 1 ′ 2 ) 1.52; the two R-positions were assumed to have the same secondary effect) was determined for the δ-abstraction event by comparison of an all-protio sample run in conjunction with the dideuterio probe.
Monitoring the ensuing formation of (silox) 2 (silox-d 1 )-TadCD n Pr (2dCD n Pr-d 2 ) at 166°C was more complicated, but beneficially so. While the R-abstraction can be treated as irreversible because the deuterium is lost to 81 equivalent positions of the three silox groups, the pseudo-reversible process of δ-abstraction by the alkylidene affords (silox) 2-x (silox-d 1 ) x -( n PrCHD)Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) 1-y (κ 2 -O,C-OSi t Bu 2 -CMe 2 CH 2 -d 1 ) y (x + y ) 1, 6-CHD n Pr-d 2 ), which contains one deuterium in the R-carbon of the n Bu and another among the tert-butyl groups of the silox ligands and the cylometalated silox. R-Abstraction of deuterium leads to (silox) 3-(2-x) (silox-d 1 ) 2-2x -(silox-d 2 ) x TadCH n Pr (0 < x <1, 2dCH n Pr-d 2 ), which is also essentially irreversible (the ∼0.0723 k -2 /z -2 in Scheme 4 reflects a statistical estimate of the sum of reversible CDH 2 and CD 2 H δ-abstractions by the alkylidene). By knowing k 2 and k -2 from monitoring, in tandem, the perprotio sample, the isotope effects may be broken down with simulation of all relevant processes. The first R-abstraction rate is influenced by a primary KIE (z 2 ) and an R-secondary KIE (z 2 ′) such that z 2 z 2 ′ ) 6.2, but the second R-abstraction KIEs loss of D from 6-CHD n Pr-d 2 sis uncomplicated by secondary effects. By 1 H NMR spectroscopic monitoring of the growth of the alkylidene hydrogen of 2d CH n Pr-d 2 , a z 2 of 4.4 was revealed, a value comparable to other abstractions, 63-76 especially when taking account of the high temperature. The R-secondary KIE is substantial (z 2 ′ ) 1.4 ) 6.5/4.4) but certainly within reason.
The transparency of the KIEs in the tantalum system provides a benchmark for comparison with the niobium system in which the lack of an observable tuck-in alkyl intermediate renders identification of the rate-determining step problematic. The KIE 1996, 118, 591-611; z ) 6.3, 7.1, 4.6 at 370 K.
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for k f , which corresponds to the conversion of (silox) 3 Nb-(η-D 2 CCHEt) (1-D 2 CCHEt) to (silox) 2 (silox-d 1 )NbdCD n Pr (1dCD n Pr-d 2 ), was observed to be 2.5 at 166°C. If formation of the presumed tuck-in butyl (silox) 2 ( n PrCD 2 )Nb(κ 2 -O,COSi t Bu 2 CMe 2 CH 2 ) (4-CD 2 n Pr) were rate-determining, the KIE should be e1.5, which was the value in the tantalum system (i.e., z 1 ′ 2 ) (1.23) 2 ) at 103°C. For the value of 2.5 to be attributable to formation of the tuck-in butyl, a secondary isotope effect of about 1.6 would need to be invoked, and this is outside the normal range, 61,62 especially when taking account of the high temperature. The value establishes R-abstraction as the ratedetermining step in the Nb double abstraction mechanism. Since secondary equilibrium isotope effects (z 1 ′/z -1 ′) are expected to be ∼1.0, the z f of 2.5 for Nb is approximately z 2 z 2 ′, which in the tantalum case was 6.2. Conventionally, the lower value for Nb would be ascribed to a less-symmetric transition state for H/D transfer. Since the tuck-in butyl is not observed for Nb, the transition state for conversion to the alkylidene should come earlier than in the tantalum case where the intermediate and butylidene are within ∆G°< 1.0 kcal/mol at 166°C.
The phenyl ring renders the styrene systems different from the other monosubstituted olefins; thus an attempt to measure isotope effects was made similar to Scheme 4. A thermolysis of (silox) 3 Ta(η-D 2 CCHPh) (2-D 2 CCHPh) 77 was conducted in tandem with 2-C 2 H 3 Ph. Simulation of the concentration vs time profiles of the various labeled intermediates failed to yield tenable rate constants and isotope effects. In reviewing the data, the more rapid than expected growths of (silox) 2-x (silox-d 1 ) x (PhCH 2 CHD)Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) 1-y (κ 2 -O,C-OSi t Bu 2 -CMe 2 CH 2 -d 1 ) y (x + y ) 1, 6-CHDCH 2 Ph-d 2 ) and (silox) 2 (siloxd 1 )Ta(η-DHCCHPh) (2-DHCCHPh-d 2 ) were responsible for the difficulty in data fitting. Note that reversible cyclometalation to the tuck-in secondary alkyl, (silox) 2-x (silox-d 1 ) x (PhCH 2 CHD)-((CD 2 H)PhHC)Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) 1-y (κ 2 -O,C-OSi tBu 2 CMe 2 CH 2 -d 1 ) y (x + y ) 1, 6-CHPh(CD 2 H)), can cause loss of label to the silox groups prior to formation of the alkylidene, as indicated by the scrambling path in Scheme 3. Unfortunately, since there were no practical independent means of monitoring the scrambling process, inclusion of these steps into the simulations do not solve the analytical problems. Nevertheless, the inability to fit the styrene labeling experiments is strong evidence for the presence of the scrambling path in this instance. The tuck-in secondary alkyl 6-CHPh(CD 2 H) is unique because of the R-phenyl substituent that will inductively stabilize the tantalum alkyl bond, which is polarized Ta δ+ -C δ-HPh(CD 2 H). Similar reasoning has been used to explain the unusual stability of metal-benzyl bonds in early metal C-H activation systems. 75, 76 The absence of a tuck-in alkyl intermediate in the case of norbornene might be ascribed to a different mechanism. However, at 103°C, rearrangement of (silox) 3 Ta(η-c C 7 H 8 D 2 ) (2-c C 7 H 8 D 2 ), which was labeled with deuterium in the olefinic positions, 78-80 afforded the -deuterio norbornylidene, (silox) 2 -(silox-d 1 )Tad c C 7 H 9 D (2d c C 7 H 9 D-d 2 ), consistent with the established pathway. Had a hydride transfer path been operable, the , -dideuterio norbornylidene would have been produced, but 1 H and 2 H NMR spectroscopy established the -CH exo D endo group and revealed a deuterium in a silox ligand. The rearrangement of 2-c C 7 H 8 D 2 is complicated but informative, as Scheme 5 shows. The isotope effect for k f was 2.96(3), which indicated that the R-abstraction step is rate-determining. 
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changes (π-back-bonding presumably renders the norbornene olefin carbons between sp 2 -and sp 3 -hybridization), each contributes a small inverse isotope effect for the k 1 step (δ-abstraction), but the reverse (k -1 ) process should contain two normal secondary isotope effects. 61, 62 The EIE for tuck-in alkyl formation should be inverse. Consequently, the KIE for R-abstraction, which contains primary and -secondary isotope effects (i.e., z 2 z 2 ′′), should actually be >2.96 (3) , and this value is clearly in line with that obtained for 1-butene. Note that the remainder of the scheme for label loss reveals a stereochemical question. One can assume the loss of label from the alkylidene of 2d c C 7 H 9 D-d 2 occurs via a microscopically reversible path: (1) a CH bond (neglecting R-secondary effects on 2/81 silox methyl hydrogens, the rate is ∼80k -2 / 81z -2 ′′) of a silox adds to the endo-face of the alkylidene (another δ-abstraction, but by the alkylidene) to give (silox) 2-x -(silox-d 1 ) x ( c C 7 H 9 D )Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) 1-y (κ 2 -O,COSi t Bu 2 CMe 2 CH 2 -d 1 ) y (x + y ) 1, 6-c C 7 H 9 D -d 2 ); (2) -abstraction occurs only from the exo-face to give (silox) 2 (siloxd 1 )Ta(η-c C 7 H 9 D) (2-c C 7 H 9 D-d 2 ) with k -1 /z -1 ′ as the rate; (3) a δ-abstraction generates the tuck-in alkyl across the exo-face with a rate reflecting the 50% probability of correct olefin orientation (k 1 /2z 1 ); and (4) an essentially irreversible R-abstraction (k 2 /z 2 ) to afford 2d c C 7 H 10 -d 2 . A fit of the data assuming this path affords an overall KIE of 1.08(1) consistent with a ratedetermining k -2 step as expected. Addition of nucleophiles to 2-norbornanone occurs toward both faces, with a slight preference toward the exo-side; 81 hence addition to the exo-face is possible. However, such a path ultimately leads to an endoolefin species, which is expected to be heavily disfavored relative to the exo-isomer. 82 As in the butene rearrangements, the tantalum norbornene case is helpful in assessing the corresponding niobium chemistry. Thermolysis of (silox) 3 Nb(η-c C 7 H 8 D 2 ) (1-c C 7 H 8 D 2 ) provided the -deuterio norbornylidene, (silox) 2 (silox-d 1 )Nbd c C 7 H 9 D (2d c C 7 H 9 D-d 2 ), consistent with the double abstraction pathway. At 166°C, the k H /k D of the rearrangement was 2.3(2), a value commensurate with the butene case, and one best accommodated by a rate-determining R-abstraction, as explained for the tantalum rearrangement. If this is true, scrambling of the -deuterium of the norbornylidene in 2d c C 7 H 9 D-d 2 to a silox group should occur with k -2 (δ-abstraction by the norbornylidene) as the rate-determining step. By fitting the 1-c C 7 H 8 D 2 to 2d c C 7 H 9 D-d 2 to d 2 -(silox) 3 Nbd c C 7 H 10 (1d c C 7 H 10 -d 2 ) rearrangements and assuming the standard mechanism shown in Scheme 5, the loss of the -D occurred with a k r of 6.17(7) × 10 -6 s -1 at 166°C (∆G r q ) 36.5(1) kcal/mol). The rearrangement occurs with a standard free energy change of -4.5(1) kcal/mol at 166°C, which is approximately -3.9 kcal/mol at 103°C, given the usual assumptions.
If the R-abstraction is the rate-determining step in the rearrangement of (silox) 3 Nb(η-c C 6 H 8 -1,2-D 2 ) (1-c C 6 H 8 -1,2-D 2 ), the deuterium labels in the olefinic positions 83 should scramble within the cyclohexene prior to or at least competitively with formation of the alkylidene, (silox) 2 (silox-d)Nbd c C 6 H 9 -2-Dd 2 (1d c C 6 H 9 -2-D-d 2 ), as Scheme 6 illustrates. At early conversion, where ∼1% of the alkylidene has formed, the ratio of the scrambled 1,6-D 2 -cyclohexene complex, (silox) 3 Nb(η-c C 6 H 8 -1,6-D 2 ) (1-c C 6 H 8 -1,6-D 2 ), which was formed upon -H elimination, to the alkylidene is roughly 20:1. That product ratio is approximately the kinetic ratio k -1 /k 2 /z 2 , and if the primary isotope for abstraction is the same as that in the norbornene case (z 2 ≈ 2.4 at 103°C), then the product ratio is ∼8.3 and ∆∆G q ) ∆G 2 q -∆G -1 q ≈ 1.6 kcal/mol. Unfortunately, analytical difficulties prevented the extraction of isotope effects in the Nb case, but the qualitative message is clear.
In the case of tantalum, Table 2 indicates that the rearrangement of (silox) 3 Ta(η-c C 6 H 8 -1,2-D 2 ) (2-c C 6 H 8 -1,2-D 2 ) to (silox) 2 -(1,2-D 2 -c C 6 H 8 )Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (6-c C 6 H 8 -1,2-D 2 ) is essentially irreversible; thus no deuterium is expected to scramble in the cyclohexene complex since rearrangement of 6-c C 6 H 8 -1,2-D 2 to (silox) 2 (silox-d)Tad c C 6 H 9 -2-D-d 2 (2-c C 6 H 9 -2-D-d 2 ) occurs more quickly. While 6-c C 6 H 8 -1,2-D 2 could not be assayed with confidence, 2 H NMR spectroscopy confirmed that the deuterium labels were in the silox ligand and the -position of the 2-c C 6 H 9 -2-D-d 2 , and no deuterium scrambling in the cyclohexene complex was detected.
Equilibria in the Niobium System. 1. Olefin Exchange. In contrast to tantalum, niobium olefin complexes (silox) 3 Nb(ole) (1-ole) typically undergo substitution with free olefins faster than their rearrangements, or at least on the same time scale. 45 By measuring various equilibria, the relative stabilities of the olefin and alkylidene complexes were established and compared with those calculated for the models (HO) 3 Nb(ole) (1′-ole). Where possible, 1-ole complexes were subjected to concentrations of free olefin that enabled measurement of K ole′/ole ) With little competing formation of the respective alkylidene compounds, a number of equilibria could be measured in this fashion, as Table 3 shows. Only the relative energy of (silox) 3 Nb(η-c C 6 H 10 ) (1-c C 6 H 10 ) could not be determined, but given the accuracy of the relatiVe energies of the computational models pertaining to the remaining olefin complexes, its energy can be estimated with confidence.
Alkylidenes Relative to Olefin Complexes.
Aside from the niobium ethylene and styrene rearrangments, the standard free energy changes could not be determined because the alkylidene proved to be too exoergic for the equilibria to be measured by NMR spectroscopic integration. In these instances, the relative energies of the alkylidenes could be obtained by measuring equilibria between lower energy olefin complexes and the 1-alk of interest via eq 15. Table 3 reveals. To correct to 103°C, the standard entropy changes must be known. Epoxide to aldehyde/ketone isomerizations were considered as structural models that typically possess ∆S°values that range from +4 to +10 eu, 84 and the measured ∆S°for the niobium ethylene case was +12.5 eu.
The latter measurement was given more weight; thus a compromise value of +10 was used to estimate cases needing entropy corrections.
The relative standard free energy of the norbornylidene, (silox) 3 Nbd c C 7 H 10 (1d c C 7 H 10 ), could not be determined via equilibrium measurements because of interference from polymerization of the norbornene. However, in this circumstance, the KIE experiments above enabled the activation free energy for k r to be determined (vide supra), and upon correcting to 103°C
, ∆G°) ∆G f q -∆G r q ) -3.9 kcal/mol. The data in Table 3 provide experimental relative standard free energies of (silox) 3 Nb(ole) (1-ole) and (silox) 3 Nb(alk) (1-alk) listed in Table 4 , with the exceptions noted above. The smallest olefin, ethylene, and styrene, which possesses the electron-withdrawing Ph substituent, are the most tightly bound. Next is norbornene, presumably due to the diminution of ring strain 84,85 as back-bonding renders it more sp 3 -like. 1-Butene and propene follow and bind with similar energies, while the hindered tert-butylethylene is more weakly attached. The hindered cyclic cases are the most weakly bound, with the smaller cyclopentene bound more tightly than cyclohexene by at least 1.2 kcal/mol, and more likely by around 3.7 kcal/mol, since the calculated number in this case is probably accurate. This is a typical list for the electron-rich Nb(III), with sterics favoring the smaller olefins, and olefins with electron-withdraw- Table 3 . Equilibrium Measurements (K, ∆G°(kcal/mol) for (silox)3Nb(ole) (1-ole) + ole′ h (silox)3Nb(ole′) (1-ole′) + ole (103°C, ∆G°(ole′/ ole), eq 14) and (silox)3Nb(ole) (1-ole) + ole′ h (silox)3Nb(alk′) (1dalk′) + ole (155°C, ∆G°(alk′/ole), eq 15, Corrected to 103°C); Calculated Equilibria at 103°C a Standard free energy of 1-ole relative to that of 1-C2H4 at 0.0 kcal/mol. b Standard free energy of 1dalk relative to that of 1-C2H4 at 0.0 kcal/mol. c Calculated standard free energy of 1′-ole relative to that of 1′-C2H4 at 0.0 kcal/mol; the average deviation is 0.1(3) kcal/mol. d Estimates of the standard free energy of (silox)2( t BuCH2CH2)Nb(κ 2 -O,C-OSi t Bu2CMe2CH2) (4-CH2CH2 t Bu) place it ∼2.1 kcal/mol. e Calculations were not performed on (HO)3Nb(C2H3 t Bu) (1′-C2H3 t Bu or 1′dCHCH2 t Bu). f Assuming the minimum amount of a substance that can be observed with confidence by 1 H NMR spectroscopy is 3%.
(silox) 3 Nb(ole) + ole′ 1-ole y \ z 155°C (silox) 3 Nb(alk′) + ole Table 3 indicates that the equilibria of eq 14 were calculated fairly well, with an average deviation of -0.1(4) kcal/mol, but the experimental vs calculational olefins to alkylidene equilibria of eq 14 are poorly matched. If the calculated ∆G°((HO) 3 Nb(ole), 1′-ole) values are referenced to 1-C 2 H 4 at 0.0 kcal/mol (Table 4) , they match the experimental relative olefin energies quite well and possess an average deviation of 0.1(3) kcal/mol. This is expected, since it is basically complementary to the equilibria of eq 13. Likewise, the olefin/alkylidene equilibria for each substrate are poorly calculated, although a correction factor of -6.2(2.9) (-7.5(3) with the ethylene case left out) to each ∆G calcd°( alk/ole) would provide a decent fit to the experimental data. One possible explanation is that the olefin binding free energies, although relatively precise, may be overestimated: the calculated ∆G°-(1′-ole) values (kcal/mol, relative to (HO) 3 Nb (1′) + ole) are 1′-C 2 H 4 , -27.7; 1′-C 2 H 3 Ph, -25.2; 1′-c C 7 H 10 (1′-nor), -23.3; 1′-C 3 H 6 , 1′-C 4 H 8 , -23.2; 1′-c C 5 H 8 , -20.2; 1′-c C 6 H 10 , -16.8. Preliminary olefin substitution kinetics suggests that the free energy of ethylene binding in 1-C 2 H 4 must be >-24 kcal/mol, 45 which suggests that the calculated ethylene binding energy in 1′-C 2 H 4 is too favorable. However, in the three measured cases (1-C 2 H 4 f 1dCHMe, ∆H°) 6.3; 2-C 2 H 4 f 2dCHMe, ∆H°) 7.8; 2-C 2 H 3 Ph f 2dCHCH 2 Ph, ∆H°) 10.4 kcal/mol), the calculated standard enthalpy change underestimated these values by -0.6, -3.4, and -2.6 kcal/mol. This is surprising, because steric factors are likely to attenuate the binding of olefins to a greater extent than the alkylidenes, and these influences are obviously not accounted for in the calculational model. 86 While the olefin to alkylidene entropy change would be expected to favor the alkylidene, and this is corroborated in the measured cases (1-C 2 H 4 f 1dCHMe, ∆S°) 12.5(10) eu; 2-C 2 H 4 f 2dCHMe, ∆S°) 16.6(16) eu; 2-C 2 H 3 Ph f 2dCHCH 2 Ph, ∆S°) 25(1) eu), additional degrees of freedom in the alkylidene fragment vs the olefin do not contribute enough to account for the standard entropy change observed. The calculated entropy changes for the same cases are + 8.2, +5.3, and +2.1 eu, respectively. From these discrepancies, it is likely that entropic contributions from the silox groups upon rearranging from olefin to alkylidene are a principal reason the calculations are in error.
1-alk (15)
(silox)3M(ole) to (silox)3M(alk) Rearrangementsing substituents being favored over those with greater electron donating capacity.
Calculations.

Discussion
Olefin to Alkylidene Rearrangement. 1. Mechanism. The mechanistic possibilities outlined in Scheme 3 have been pared by experiment, leaving the double abstraction pathway as the means by which (silox) 3 M(ole) (M ) Nb, 1-ole; Ta, 2-ole) rearranges to (silox) 3 M(alk) (M ) Nb, 1dalk; Ta, 2dalk). In coming to this conclusion, the niobium system is assumed to behave in a manner similar to tantalum, but with energetic differences. The most evident difference is the stability of the tuck-in alkyl intermediate, (silox) 2 RM(κ 2 -O,C-OSi t Bu 2 CMe 2 -CH 2 ) (M ) Nb, 4-R; Ta, 6-R), which is observed only for ole ) tert-butylethylene in the niobium system, but is present in all but the norbornene rearrangement for tantalum.
The olefin loss pathway was eliminated by showing that excess olefin did not exchange into the tantalum system during the time scale of rearrangement, and a series of labeling experiments ruled out the simplest path, that of H-transfer. A competing reaction in which δ-abstraction leads to a tuck-in secondary alkyl can also be eliminated on the basis of labeling experiments for most substrates. However, the inability to fit rate data for the rearrangement of (silox) 3 Ta(η-D 2 CCHPh) (2-D 2 CCHPh) is best accommodated in view of a competing scrambling path involving a tuck-in secondary alkyl intermediate. Rearrangements of the cyclic olefinsscyclopentane, cyclohexane, and norbornenesrequire the intermediacy of a tuckin secondary alkyl species. It is surprising that secondary alkylidenes derived from acyclic substrates were not identified, especially since the energies of the cyclic alkylidenes suggest that such species should be close to (silox) 3 MdCHR. It is doubtful that the transition state leading from a putative tuckin secondary alkyl to secondary alkylidene would be problematic because rearrangements of the cyclics are relatively swift. It is more likely that the secondary akylidenes are unstable with respect to their primary counterparts. In the tantalum system, the tuck-in primary alkyls are the energetically dominant species; thus any tuck-in secondary alkyl may simply be relatively too high in energy to be easily discerned. For niobium, evidence for a tuck-in secondary alkyl was indirect; the 2-butene complex isomerized to the 1-butene species prior to the latter's rearrangment to butenylidene. Extended thermolyses (170°C, >10 d) of (silox) 3 Nb(ole) (ole ) propene, 1-C 2 H 3 Me; 1-butene, 1-C 2 H 3 Et; styrene, 1-C 2 H 3 Ph) failed to elicit any evidence of secondary alkylidenes. Since their formation is kinetically viable, it can be concluded that such species are roughly 4 kcal/mol above primary alkylidenes in energy.
Calculations performed on :CHEt and :CMe 2 87 provide a plausible reason for the relative instability of the secondary alkylidenes. The singlet ground state of :CMe 2 is ∼8.6 kcal/ mol below that of the primary carbene, whose ground state is actually a triplet by ∼1.1 kcal/mol. Hyperconjugation of the six CH bonds into the empty p-orbital of the singlet state renders it substantially lower in energy than :CHEt. These same interactions may tend to destabilize any secondary metalalkylidene because the p-orbital is now involved in π-bonding and 4e -interactions from the CH bonds will now be repulsive in character. Entropic factors pertaining to the silox groups may also disfavor secondary alkylidenes.
Scheme 7 illustrates the transition state for δ-abstraction 68,72,88-90 leading to the tuck-in alkyl intermediate and the subsequent R-abstraction 22,23,63-69 transition state that leads to the alkylidene product. The δ-abstraction (k 1 ) transformation is unusual and deserves additional comment, because one could invoke oxidative addition of a silox Me-group to the nominal Nb(III) center followed by olefin insertion in lieu of this single step. First, although structural details are only known for (silox) 3 Ta(η-CH 2 CHEt) (2-C 2 H 3 Et), it is likely that related niobium olefin complexes have a substantial amount of meta-lacyclopropane character; 46,47 that is, that of Nb(V), given the highly reducing nature of the early metal center. Second, it is pertinent to view the overall process from the standpoint of the tuck-in alkyls, (silox) 2 (R)M(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (M ) Nb, 4-R; M ) Ta, 6-R), partitioning between olefin complex (k -1 ) and alkylidene formation (k 2 ). The former process is a -abstraction (k -1 ) reaction common to early metal systems, especially those that are hindered, as Buchwald 69,91 and Boncella, 92 among others, 70-73, 90 have intimated. The δ-abstraction is simply the microscopic reverse of this well-established process.
Note also the similarity of the transition states for δ-abstraction/ -abstraction and R-abstraction/δ-abstraction (by the alkylidene, k -2 ) 67,68,70,93-96 shown in Scheme 7. R-Abstraction is a common reaction of sterically encumbered early metal centers 22,23 and is distinguished from R-elimination/reductive elimination paths because the latter cannot occur at d 0 metal centers. The KIEs discerned for R-abstraction by the tuck-in alkyls of the 1-butene and norbornene rearrangements are quite comparable to previous cases [63] [64] [65] [66] [67] [68] [69] and support the notion that the R-abstraction step (k 2 ) is rate-determining for the niobium system and for (silox) 3 Ta(η-c C 7 H 10 ) (2-c C 7 H 10 ). Given the similarity in TSs shown in Scheme 7 and the extreme crowding at the metal center that an alternative, six-coordinate, d 0 (silox) 2 -(olefin)HM(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) intermediate would suffer, formation of the tuck-in alkyl (M ) Nb, 4-R; M ) Ta, 6-R) is best construed as occurring via a δ-abstraction by the -carbon of the olefin on a silox methyl group.
Niobium Energetics.
Without direct evidence of the intermediate (silox) 2 (R)M(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (M ) Nb, 4-R), the niobium energetics are limited to assessments of olefin and alkylidene complex ground states and the rate-determining transition state. Figure 4 . illustrates the energies of these respective states for each case relative to the energy of (silox) 3 Nb(η-C 2 H 4 ) (1-C 2 H 4 ), which is assigned a value of 0.0 kcal/mol. Generally, the rate-determining transition state energies increase as the energies of the ground-state olefin complexes increase, but to a lesser extent. In contrast, the product alkylidenes are relatively similar in energy, with the exceptions of (silox) 3 Nbd c C 7 H 10 (1d c C 7 H 10 ) and (silox) 3 Nbd c C 6 H 10 (1d c C 6 H 10 ). The ground state of (silox) 3 Nb(η-c C 6 H 10 ) (1-c C 6 H 10 ) is given a value of >8.4 kcal/mol, and this inequality is designated by an arrow in Figure 4 , as is the transition state for rearrangement because the ∆G f q of 29.5 kcal/mol is fixed. The magnitudes of the niobium rearrangement activation energies are substantial and indicate that even with an internal "catalyst", the cyclometalating silox ligand, the conversion of olefin to alkylidene in the absence of Brønsted or Lewis acids is energetically costly.
The gross features of Figure 4 suggest a linear free energy (LFE) relationship for the rearrangement. Given the accuracy of the calculations in assessing relative ground-state olefin complex energies, (silox) 3 Nb(η-c C 6 H 10 ) (1-c C 6 H 10 ) was assigned the calculated value of 10.9 kcal/mol. Figure 5 illustrates two related LFEs: ∆∆G f q ) R -∆∆G°(1-ole) and ∆∆G f q ) R′ + ′∆∆G°(1dalk/1-ole). As espoused above, the activation energies for rearrangement are highly dependent on the ground-state energy of (silox) 3 Nb(ole) (1-ole), with ) 0.56 (R 2 ) 0.74) for the entire set of substrates, and ) 0.59 (R 2 ) 0.93) with the outlying norbornene point removed. The norbornene is certainly a unique case. While it is tempting to place it in a class with the other cyclics, 1-c C 7 H 10 is 3.2 and ∼6.9 kcal/mol lower than the cyclopentene and cyclohexene complexes, respectively, an observation consistent with its greater relief of ring strain 84,85 upon binding. Note that its ∆G f q is quite similar to the other cyclics, rendering it an outlying point because the ground state of 1-c C 7 H 10 is roughly 4 kcal/mol lower. The styrene case, while not dropped in either LFE, appears to have a slightly higher than expected ∆G f q or higher ∆G°(1-C 2 H 3 Ph). Since it is bulkier than other monosubstituted olefins, yet binds more strongly, the latter is unlikely. In the conversion to the transient (silox) 2 (PhCH 2 CH 2 )Nb(κ 2 -O,C-OSi tBu 2 CMe 2 CH 2 ) (4-CH 2 CH 2 Ph) complex, it is the -carbonniobium bond that is broken, yet this is the olefin carbon containing the inductively withdrawing Ph group. 75, 76 It is likely that this TS is achieved via an elongated reaction coordinate, i.e., the d(Nb-C (Ph)) is shorter than comparative d(Nb-C -(R)), leading to a higher energy transition state (vide infra). For this feature to impact Figure 4 , the styrene rearrangement may be the only case in which tuck-in alkyl formation is ratedetermining.
The second LFE relationship correlates ∆G f q with the standard free energy change of the reaction, ∆G°(1dalk/1-ole), a more conventional comparison that yields a of 0.73 (R 2 ) 0.87). In viewing this correlation, the cyclohexene and norbornene cases are moderately outlying, and when removed a of 0.60 (R 2 ) 0.96) is obtained. As stated above, the ∆G°(1-c C 7 H 10 ) is anomalously low, presumably because of relief of ring strain, and the norbornylidene 1d c C 7 H 10 is only modestly lower in energy than the remaining alkylidenes (∼2 kcal/mol); as such the ∆G°(1-c C 7 H 10 /1d c C 7 H 10 ) in this case is higher than expected. Ring strain is also relieved in formation of the norbornylidene, 84,85 but it is difficult to estimate the extent to which the sterics of this largest substrate offset this factor. For cyclohexene, it is unlikely that the slight displacement from the Relative standard free energies (kcal/mol, 103°C) of (silox)3Nb(ole) (1-ole) indicated by bottom of solid blue column and those of (silox)3-Nb(alk) (1dalk) indicated by bottom of striped blue column. The solid blue column is the activation free energy for the overall forward step in the rearrangement, ∆Gf q , while the striped blue column refers to ∆Gr q . The common top of the columns refers to the transition state energy of the rate-determining step. All energies are relative to (silox)3Nb(η-C2H4) (1-C2H4) at 0.0 kcal/mol. The arrows indicate that the columns represent lower limits for the ground state of (silox)3Nb(η-c C6H10) (1-c C6H10) and its accompanying transition state. (1) the relation of the ∆Gf q 's for the (silox)3Nb(ole) (1-ole) to (silox)3Nb(alk) (1dalk) conversion to the relative standard free energies of 1-ole given as ∆∆Gf q ) R -∆∆G°(1-ole); (2) the relation of the ∆Gf q 's to the standard free energy change of the 1-ole to 1dalk conversion given as ∆∆Gf q ) R′ + ′∆∆G°(1dalk/1-ole). The red line has the (silox)3Nb(η-c C7H10) (1-c C7H10) point removed, and the blue line has the 1-c C7H10 and (silox)3Nb(η-c C6H10) (1-c C6H10) points left out. The calculated ∆G°(1-c C6H10) of 10.9 kcal/mol was used, but it is likely to approach 13.6 kcal/mol. See text for explanation. remaining cases is due to its ∆G f q or ∆G°(1-c C 6 H 10 ), because the previous correlation was excellent. Cyclohexylidene 1d c C 6 H 10 is not as low in energy as the remaining alkylidenes, and while this could be the origin of the displacement from the line, it is more likely that the ∆G°for this case is still undervalued at -5.9 kcal/mol and might be as much as -8.6 if the calculated values are corrected as rationalized above.
The LFE relationship is consistent with the proposed tuck-in alkyl to alkylidene transformation as the rate-determining step, as Figure 6 illustrates. Electronic differences in the olefin should not have substantial impact on the energies of (silox) 2 RNb-(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (4-R) or the alkylidenes (silox) 3 Nbd(alk) (1dalk); hence the transition state connecting these two species should also be relatively free of the influence of olefin substituents. The olefin complexes are sensitive to electronic changes, and the transition states connecting them to the tuck-in alkyl, 4-R, should also be influenced by similar amounts of energy. If this first transition state were ratedetermining, then would be quite small. Its magnitude is far more consistent with a rate-determining second transition state. As the energies of 1-ole change, energies of the transition state linking 4-R to 1dalk are relatively insensitive, permitting a substantial fraction of ∆∆G°(1-ole) to be transposed to ∆∆G f q . A destabilization of the olefin complex ground state leads to swifter rates of rearrangement. Activation energies (∆G r q 's) of the reverse rearrangement should also be less sensitive to substituent. Table 4 reveals that this is the case, with ∆G r q (ave) ) 35.6 (10) kcal/mol representing a modest range of 33.9-36.9 kcal/mol (34.8-36.9 with the ethylene case excluded) compared to ∆G f q (ave) ) 32.7 (21) with its much greater range of 29.5-35.5 kcal/mol.
3. Tantalum Energetics. While the essentials of the niobium system are understood, the energetics of the tantalum rearrangements pose several problems: (1) since the olefin complexes cannot be equilibrated, the relative energies of the species must be estimated, (2) the tuck-in alkyls, (silox) 2 RTa(κ 2 -O,COSi t Bu 2 CMe 2 CH 2 ) (6-R), are typically the most stable species and dominate the energetics, and (3) 6-R and the product alkylidene (silox) 3 Tadalk (2dalk) are often so stable that the relative energy of corresponding olefin complex (silox) 3 Ta(ole) (2-ole) cannot be discerned.
Since the calculated energies of (HO) 3 Nb(ole) (1′-ole) closely matched the experimental values of (silox) 3 Nb(ole) (1-ole), a reasonable amount of confidence can be placed on the corresponding tantalum olefin complex energies. Figure 7 illustrates the relative energies of all ground states and transition states in the tantalum system referenced to (silox) 3 Ta(η-C 2 H 4 ) (2-C 2 H 4 ) at 0.0 kcal/mol; 2-ole is arranged according to the calculated relative energies of (HO) 3 Ta(ole) (2′-ole). Note that the rearrangements of the propene, 1-butene, and cyclohexene complexes are undetermined because 2-ole cannot be observed at equilibrium. In regard to these specific cases, energies pertaining to the 2dalk, 6-R, and their connecting transition states are indicated as maxima in the graph through labeling with arrows. Figure 7 shows that the tuck-in alkyls, (silox) 2 RTa(κ 2 -O,COSi t Bu 2 CMe 2 CH 2 ) (6-R), are the most stable species for the acyclic olefin cases. For norbornene, 6-c C 7 H 11 is not observed, and for cyclopentene and cyclohexene, the 6-c C 5 H 9 and 6-c C 6 H 11 complexes are 1.0 and 0.6 kcal/mol above their respective alkylidenes 2d c C 5 H 9 and 2d c C 6 H 11 . Secondary alkyl 6-R species are expected to be higher in energy than primary alkyl 6-R derivatives on the basis of electronic effects. Studies of (silox) 2 ( t Bu 3 SiNH)Ti-R suggest that a 1.3-2.6 kcal/mol difference is plausible. 75 In addition, they should have the most severe steric interactions of any cyclometalated intermediates. The tuck-in primary alkyls (6-R, R ) Et, CH 2 CH 2 Ph, n Pr, n Bu) are about 2.0-2.5 kcal/mol more stable than their respective alkylidenes; hence the increase in energy of tuck-in secondary alkyls is roughly 3 kcal/mol. A similar steric penalty for secondary alkylidenes might contribute to their higher energy in relation to their more stable primary counterparts and 6-R (Ta).
As Figure 7 shows, by dominating the energetics, the tuckin alkyls (silox) 2 RTa(OSi t Bu 2 C-Me 2 CH 2 ) (6-R) change the importance of the two transition states relative to the niobium rearrangements. The R-abstraction (k 2 ) step of the (silox) 3 Ta-(η-C 2 H 4 ) (2-C 2 H 4 ) rearrangement is the slowest, and the second transition state linking 6-Et and (silox) 3 TadCHMe (2dCHMe) is clearly the highest. In the norbornene case, the KIE for the overall rearrangement of 2-c C 7 H 10 to 2d c C 7 H 10 is best accounted for in terms of a rate-determining k 2 step, just as in all the niobium cases. However, it appears that in the remaining tantalum rearrangements, the first transition state linking 2-ole to 6-R is the highest because of the influence of ∆G°(6-R). For the sake of argument, assume the ∆G°for 2-ole h 2dalk is the same as that in the corresponding niobium cases. In support, the calculated ∆G°(2′-ole/2′-alk) values were effectively the same for niobium and tantalum. In certain cases where ambiguities exist (propene, 1-butene), 6-n Pr, 6-n Bu, 2dCHEt, and 2d CH n Pr can be assigned relative standard free energies of -0.4, -0.7, 1.7, and 1.3 kcal/mol in place of the arrows in Figure 7 . As a consequence, the transition states for 6-n Pr h 2dCHEt and 6-n Bu h 2dCH n Pr are at ∆G°) 32.1 and 31.9 kcal/mol. Now in every case, save ethylene and norbornene, the second transition state is lower than the first, despite ∆G 2 q being greater than ∆G 1 q in every remaining case except cyclopentene. It is the influence of ∆G°((silox) 2 RTa(κ 2 -O,C-OSi t Bu 2 CMe 2 -CH 2 ) (6-R)) and its reaction coordinate relative to (silox) 3 Ta(ole) (2-ole) and (silox) 3 Ta(alk) (2dalk) that are responsible for the more rapid reaction rates in the tantalum system and the corresponding transition state energy changes. Figure 6 provides a rough illustration of the energetics of the olefin to alkylidene rearrangement, with the caveat that niobium and tantalum have been placed on the same diagram only as a matter of convenience. A natural consequence of the high energy position of (silox) 2 RNb(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (4-R) is that variation of (silox) 3 Nb(ole) (1-ole) ground-state energies results in dramatic rearrangement rate changes because TS 2 is ratedetermining. The significant stabilization of 6-R relative to its niobium congener does not explain why TS 2 is typically lower in energy than TS 1 in most tantalum cases. The change in reaction coordinate for 6-R shown in Figure 6 must accompany its energetic change relative to niobium to rationalize this observation.
From the standpoint of energies, the greater importance of the tuck-in alkyl intermediate to the tantalum system may be due to the true M(V) character of this intermediate. The olefin and alkylidene species can be considered M(III)s understanding the olefin complex certainly has metalacyclopropane character and alkylidenes are usually treated as dianionicsand hence a greater propensity toward the higher oxidation state should lie toward the third-row metal. Likewise, the second-row niobium should accommodate the pseudo-lower oxidation states of 1-ole and 1dalk better than the tantalum congeners. The shift in reaction coordinate relative to 2-ole and 2dalk that accompanies the energy lowering of 6-R relative to its niobium counterpart is difficult to comment about. It is plausible that tantalum alkylidene species are more "M(V)-like" than niobium alkylidene complexes, and that geometry changes favoring a more compressed RC along the 6-R to 2dalk trajectory reflect that, but absent substantial structural data this must remain speculation. Because of the complicated nature of 6-R, no attempt to model its energetics by quantum calculations was made. Figure 6 can be used to generalize the tantalum system as much as possible. It is expected that much of the energy differences in the ground states of (silox) 3 Ta(ole) (2-ole) translate to TS 1 , because the metal olefin interaction is being disrupted in this transition state. The activation free energies corresponding to k 1 should not vary a great deal, and ∆G 1 q (ave) ) 29.3(16) kcal/mol; with ∆G 1 q (2-CH 2 CH 2 Ph) removed, even less variation is noted (28.7(6) kcal/mol). Likewise, the spread in ∆G q 1 (without the outlying styrene case) is only 1.7 kcal/mol. There is essentially no LFE relationship between ∆G 1 q and ∆G°(6-R/2-ole); for ∆∆G 1 q ) ∆∆G°(6-R/2-ole) + c 1 , < 0.2 with or without inclusion of data pertaining to 2-CH 2 CH 2 Ph, and the correlation coefficients are <0.1 in both cases.
Greater variation in activation free energies would be expected for k -1 , since it is unlikely that variation in tuck-in alkyl energies would be as strongly coupled to the olefin-like transition state Relative standard free energies (kcal/mol, 103°C) of (silox)3Ta(ole) (2-ole) indicated by bottom of solid green column and those of (silox)3-Ta(alk) (2dalk) indicated by bottom of striped red column. The common bottom of the striped green and solid red columns indicates the relative ∆G°of (silox)2RTa(κ 2 -O,C-OSi t Bu2CMe2CH2) (6-R). The solid red, red-striped, green, and green-striped columns represent the activation free energies associated with k1, k-1, k2, and k-2 of Scheme 7, respectively. The top of the two green columns is the relative standard free energy of the transition state for 2-ole to 6-R, and the top of the red columns is the ∆G°of the transition state for 6-R to 2dalk. All energies are relative to (silox)3Ta(η-C2H4) (2-C2H4) at 0.0 kcal/mol, and the relative 2-ole energies are taken from computations. The arrows indicate that the respective state energies are maxima, and the bars below the arrows indicate estimates of their probable values. See text for explanation. TS 1 . For the following arguments, ∆G°(6-R) values are estimated on the basis of the assumption that 2-ole h 2dalk is the same as that in the corresponding niobium cases as explained above (the maximum ∆G -1 q of 6-c C 7 H 11 is estimated to be 27.8 kcal/mol; this corresponds to ∆G°(6-c C 7 H 11 ) being at least 3.4 kcal/mol greater than ∆G°(2d c C 7 H 10 )). With the obviously outlying styrene data removed, ∆∆G -1 q ) ∆∆G°(2-ole/6-R) + c -1 and < 0.94 with a correlation coefficient of R 2 ) 0.97. A correspondingly large ∆G -1 q (ave) of 31.3(27) kcal/mol is observed along with a range of ∆G -1 q 's of 6.3 kcal/mol. It is not surprising that 2-CH 2 CH 2 Ph and its TS 1 are an oddity in this assessment. Recall that reversible cyclometalation into the R-position of the bound styrene was suspected from the labeling studies, and it is postulated that the inductively withdrawing phenyl substituent renders the olefin more strongly bound than other acylic olefins. As espoused for the niobium-styrene case, the reaction coordinate should be correspondingly elongated and TS 1 should be higher in energy than other acyclic cases.
While LFE relationships appear to be present for ∆G 2 q and ∆G -2 q , a close inspection revealed that the data are bunched in acyclic and cyclic groupings and the fits are inappropriate. Figure 6 suggests that for like species, the activation free energies leading to the second transition state, TS 2 , should be similar. For the acyclic cases, ∆G 2 q (ave, acyclic) ) 32.8(4) kcal/ mol and ∆G -2 q (ave, acyclic) ) 30.6(5) kcal/mol, with corresponding ranges of 0.8 and 0.9 kcal/mol, respectively. The cyclic cases display a ∆G 2 q (ave, cyclic) of 28.0(2) kcal/mol with a small range (e0.3 kcal/mol), but possess a more scattered array of G -2 q values (29.6(14) kcal/mol) with a large range (2.6 kcal/ mol). This discrepancy from the view in Figure 6 is due to the norbornene case, in which ∆G°(6-c C 7 H 11 ) is estimated.
As Scheme 7 shows, the transition from olefin complex to tuck-in alkyl requires elongations of d(Ta-C ) and d(silox methyl C-H) as new Ta-C (from cyclometalation) and C H bonds form. The reaction coordinate has a similar complexity in the transition from tuck-in alkyl to alkylidene. The role the reaction coordinate plays in distinguishing the energetics of the various substrates of this study is difficult to understand without structural information, but electronic factors determined in the para-substituted styrene derivatives can provide some insight. Figure 8 illustrates the energetics of (silox) 3 Ta(η-C 2 H 3 Ph-p-X) (X ) OMe, 2-C 2 H 3 Ph-p-OMe; H, 2-C 2 H 3 Ph; CF 3 , 2-C 2 H 3 Php-CF 3 ) and their conversions to (silox) 2 (X-p-PhCH 2 CH 2 )Ta(κ 2 -O,C-OSi t Bu 2 CMe 2 CH 2 ) (X ) OMe, 6-C 2 H 4 Ph-p-OMe; H, 6-C 2 H 4 Ph; CF 3 , 6-C 2 H 4 Ph-p-CF 3 ) and (silox) 3 TadCHCH 2 Php-X (X ) OMe, 2dCHCH 2 Ph-p-OMe; H, 2dCHCH 2 Ph; CF 3 , 2dCHCH 2 Ph-p-CF 3 ). The diagram is referenced to the three 6-R species at 0.0 kcal/mol at the same position along the Figure 8 . Relative standard free energies (kcal/mol, 155°C) of (silox)3Ta(η-C2H3C6H4-p-X) (2-C2H3C6H4-p-X, X ) CF3 (red), H (black), OMe (green)), (silox)2(X-p-C6H4CH2CH2)Ta(κ 2 -O,C-OSi t Bu2CMe2CH2) (6-C2H4C6H4-p-X, X ) CF3, H, OMe), and (silox)3TadCHCH2C6H4-p-X (2-C2H3C6H4-p-X, X ) CF3, H, OMe). Activation energies for k1, k-1, k2, and k3 of Scheme 7 are indicated by red (X ) CF3), black (X ) H), and green (X ) OMe) dashed lines. The tuck-in alkyls 6-C2H4C6H4-p-X have been arbitrarily placed at 0.0 kcal/mol, and all ground and transition state energies are given relative to this reference state. See text for rationale. reaction coordinate. There is a modest check on this assumption via some corresponding niobium equilibria. As Table 3 shows, the ∆G 103°( 1-C 2 H 3 Ph-p-OMe/1-C 2 H 3 Ph) value is 0.55 kcal/mol, close to the 0.4 kcal/mol for the tantalum equilibrium based on 6-R as the reference state. In addition, the ∆G 103°( 1-C 2 H 3 Php-CF 3 /1-C 2 H 3 Ph) value is -1.22 kcal/mol, and Figure 8 shows the related tantalum equilibrium to be -1.0 kcal/mol.
Note that the biggest spread in energies corresponds to the ground states of 2-C 2 H 3 Ph-p-X. If the reaction coordinates for all X's were the same, the TS 1 's for the X ) CF 3 , H, and OMe cases would be in that order, but they are reversed. The highest energy olefin complex, 2-C 2 H 3 Ph-p-OMe, possesses the lowest energy TS 1 . The reaction coordinate for the conversion of 2-C 2 H 3 Ph-p-OMe to 6-C 2 H 4 Ph-p-OMe must be compressed relative the X ) H, which in turn is compressed relative to X ) CF 3 . While structural evidence is not available, one would expect the d(TaC) of the more withdrawing CF 3 -substituted styrene to be shorter, followed by X ) H and finally X ) OMe. This would correspond to a lengthening of the RC for X ) CF 3 etc. A compression of the RC for X ) H, OMe is also seen in the 6-C 2 H 4 Ph-p-X to 2dCHCH 2 Ph-p-X conversion through TS 2 , although here the effect is less easily rationalized. With ∆G°(6-C 2 H 4 Ph-p-X) serving as the reference state, the fact that ∆G°(2dCHCH 2 Ph-p-X) manifests little difference makes sense because the para-substituents are not electronically coupled to the metal. On the basis of Figure 6 , minimal TS 2 energy differences are expected, and only an ∼0.8 kcal/mol range is observed, but the substituents are reversed, and while a compression in RC can explain this, its origin is not especially transparent.
One oddity that deserves comment is the ∆G°(2-c C 5 H 8 h 2d c C 5 H 8 ) of -1.3 kcal/mol in comparison to the -5.1 kcal/ mol observed for ∆G°(1-c C 5 H 8 h 1d c C 5 H 8 ). Given the near size equivalence of niobium and tantalum (r cov ) 1.34 Å), these reproducible results are difficult to interpret. While not as large a difference, the ∆G°(2-c C 7 H 10 h 2d c C 7 H 10 ) of -1.7 kcal/ mol is also distinctly less than its niobium counterpart, ∆G°-(1-c C 7 H 10 h 1d c C 7 H 10 ), which has a value of -3.9 kcal/mol. These disparate energies between second-and third-row species hint at an unusual electronic origin. Since the metal alkylidene bonds of the norbornene and cyclopentene species contain a greater degree of s-character due to the modest ring strain in these compounds, it is conceivable that subtleties in the overlap and energies of the d z 2 orbitals of Nb and Ta may manifest themselves here. It has been shown calculationally that the d z 2 orbital of (HO) 3 Ta (2′) is substantially lower than the corresponding niobium orbital, 38 and this is, in part, what is responsible for the dramatic stability and reactivity of (silox) 3 Ta (2) 39 relative to its nonisolable counterpart, (silox) 3 Nb (1).
In summary, as in the niobium system, the ground-state energies of the olefin complexes, (silox) 3 Ta(ole) (2-ole), play a major role in affecting the energies of TS 1 . This step is isolated for all substrates except norbornene, and very modest changes in rate are found for the formation of the tuck-in alkyls, (silox) 2 RTa(OSi t Bu 2 CMe 2 CH 2 ) (6-R), which is consistent with the view in Figure 6 . The energy and position along the reaction coordinate of 6-R change the nature of the rearrangement for tantalum. Relative to 2-ole and 2dalk, 6-R is more stable in the acyclic cases, 75 although 2-ole h 2dalk is probably very similar to that of the niobium system, at least according to a few direct measurements and calculated relative energies. For the cyclics, 6-R is stable enough to be observable except for 6-c C 7 H 11 , which is presumed to have steric interactions (Ta-C(sp 3 )) that are more severe than 2d c C 7 H 10 (Ta-C(sp 2 )).
Conclusions
Although the group 5 complexes above lack the space necessary to do productive olefin metathesis chemistry, they are representative of the class of compounds used as catalysts. In these systems, metal alkylidenes that possess -hydrogens are not only kinetically stable, but also are most often more thermodynamically stable than their olefin isomers. While this contradicts some studies pertaining to later transition metals, energetic differences between isomeric alkylidene and olefin complexes are likely to be minimal. From a mechanistic standpoint, the isomerization process required a substantial amount of activation energy in every case, and each was studied in nonpolar, aprotic media because of the sensitivity of the compounds. Even though the siloxide ligand mediated the reversible olefin to alkylidene rearrangements, a great deal of reorganization energy was expended to form the cyclometalated intermediate. It can be concluded on the basis of these studies that -hydrogen-substituted alkylidenes are thermodynamically and kinetically quite stable. However, one can imagine that alkylidene complexes that are stable to a variety of functional groups, including those of polar and protic solvents, may be subject to a number of isomerization pathways (e.g., L n Md CR(CH 2 R′) + H + h [L n M-CRH(CH 2 R′)] + h L n M(RHCd CHR′) + H + ) that do not have energy requirements of large magnitude. In such instances, it may be the thermodynamic stability of the alkylidenes that renders them catalytically active under conditions where isomerization could severely inhibit catalysis.
Finally, many olefin metathesis catalysts are generated in situ via the combination of a high oxidation state complex, typically a d 0 metal halide, and a compound that can serve as an alkylating agent (e.g., MX n + 2/m R m M′ f X n-2 MR 2 + 2/m X m M′). 17, 18 Following alkylation, R-abstraction can then lead to an alkylidene (e.g., X n-2 MR 2 f X n-2 MdCHR′ + RH) that is competent for metathesis. An alternative pathway is suggested by these investigations, whereby the high oxidation state transition metal complex (MX n ) is reduced by the main group M′R m species. The lower valent compound may capture an olefin, and its subsequent rearrangement to an alkylidene then engenders metathesis.
Experimental Section
General Considerations. For a detailed experimental, see the Supporting Information. All manipulations were performed using either glovebox or high vacuum line techniques. All glassware was ovendried, NMR tubes for sealed tube experiments were flame-dried under vacuum, all solvents were scrupulously dried and degassed, and all gases were dried. (silox)3Ta (1-Ta), 40 (silox)2HTa(κ 2 -O,C-OSi t Bu2CMe2-CH2) (8), 42 (silox)3Ta(η-H2CCHR) (R ) H, 2-C2H4; Me, 2-C2H3Me), 42 (silox)3Nb(4-pic) (1-4-pic), 37 
